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DeformationWe report on the loading-rate dependence of localized plastic deformation in inorganic covalent, metallic, ionic
and superionic glasses. For this, the strain-rate sensitivity is determined through instrumented nanoindentation
in a load-controlled strain-rate jump test. Through relating the strain-rate sensitivity to the reduced temperature,
the packing density, the network dimensionality and the average single bond strength of the system, a qualitative
mechanistic description of the strain-mediating process is possible. A strong variability of strain-rate sensitivity is
obtained only at intermediate values of packing density, network connectivity or bond strength, when other pa-
rameters such as chemical composition and speciﬁc structural arrangement are dominating the deformation pro-
cess. On the other side, for high bond strength and connectivity or for high packing density, the strain-rate
sensitivity of the considered glasses is always low, which is also conﬁrmed through the dependence of strain-
rate sensitivity on Poisson ratio. Here, only for glasseswith a Poisson ratio of ~0.3–0.4we observe awide variabil-
ity of the loading-rate dependence of local deformation. For higher or lower Poisson ratio, the observed depen-
dence is always low: when the limiting factor in deformation is primarily network connectivity and bond
strength or packing density, respectively, once an activation barrier is overcome, deformation is only weakly
loading-rate-dependent. This is regardless of the height of the activation barrier. When approaching the glass
transition temperature, high strain-rate sensitivity is observed only in glasses where non-Newtonian ﬂow is ex-
pected also in the corresponding liquid.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Glasses are among the – theoretically – strongest man-made mate-
rials. However, practical use of the very high levels of intrinsic strength
is largely limited by their brittleness and sensitivity to surface damage,
i.e., by their ability to resist the generation and growth of mechanical
defects [1]. The phenomenological formalism of hardness has often
been used to describe this behavior. Thereby, various deﬁnitions of
hardness exist, all of themmore or less relating to the material's ability
to resist penetration of a sharp object. What came as a surprise original-
lywas that such penetration is driven by plastic deformation [2], even in
materials which have otherwise been thought-of as ideally brittle.
Different experimental approaches are now being used to quantify
hardness, such as observing the penetration of Vickers, Berkovich or
sharp cube-corner indenters into the material's surface, and efforts are
being made to relate such observations to application-related glass
properties like brittleness [3], scratch-resistance [4] or toughness [5].
On the other hand, the very complex mechanisms that underlie the
phenomenon of glass hardness remain poorly understood. This is an in-
herent result of the way in which hardness is determined: The visible
resistance against the penetration of an indenter may result from aondraczek).
. This is an open access article underconvolution of various related and un-related processes. Yamane and
Mackenzie [6] have roughly separated this phenomenology into three
contributions, i.e., elastic deformation, densiﬁcation and plastic ﬂow. A
distinction is sometimes (partially) possible through relaxation experi-
ments on post-mortem (as-indented) samples [7–9].
In recent years, nanoindentation has become an effective tool to
investigate themechanical properties of surface layers in small tested vol-
umes [10–13]. Due to the low loads which are typically applied in such
experiments, indentation cracking is usually avoided. In a ﬁrst approxi-
mation, themethod relies on the assumption that time-dependent effects
in the analysis of the load–displacement curve can be neglected [12–16].
Nonetheless, most materials show some form of time-dependent plastic
deformation under stress [15–18], whichmaymanifest in an indentation
size effect (i.e., increasing hardness with decreasing penetration depth
[19]) or in a strain-rate dependence of hardness [20].
2. Strain-rate dependence of glass hardness
To investigate the inﬂuence of the time-dependent plastic defor-
mation during an indentation test, Chu and Li [21] introduced an
impression creep test in which an indenter was pushed into a sample
with a constant velocity until a predeﬁned load was reached. Then, the
load was ﬁxed and the progressive sink-in of the indenter was moni-
tored over time. During this process, the subjacent elastic–plastic halfthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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[22–24], whereas a secondary steady-state creep regime is assumed to
be present inside the plastically deformed volume [24–27].
The impression creep test was originally used in the study of metals
as a practical alternative to the uniaxial tensile test, since the latter can-
not easily be performed on very small volumes [23,28,29]. Inmetals, the
time-dependent plastic deformation is based on the diffusion of atoms
or on the movement of dislocations [16,18,21,30]. On the other hand,
the time-dependent plastic deformation in glasses is commonly thought
to be determined by viscous ﬂow [18,22,31]. This assumption may
be somewhat oversimpliﬁed if we consider in more detail how a
hypothetic glass may accommodate the penetration of a hard indenter.
This is illustrated schematically in Fig. 1. For simplicity, we assume an ini-
tially ordered, simple cubic matrix of atoms (Fig. 1a). Fig. 1b–e shows the
reaction paths over which the local structure may rearrange in principle
to compensate the penetrating volume. In the ﬁrst step of this consider-
ation, we disregard the question of elasticity and reversibility, but extend
the classical viewof Yamane andMackenzie [6] through a structural com-
ponent: in the simplest case, the considered material may densify con-
gruently, i.e., by a reduction of the interatomic distances without any
displacive or reconstructive reactions (e.g., low pressure reactions of
various silicate glasses [32], Fig. 1b). A second possibility is a change in
the coordination environment (usually an increase in coordination
number). This leads to more dense local packing (Fig. 1c), a scenario
that has been observed, e.g., in borosilicate glasses [33–35]. Thirdly, the
already noted viscous ﬂowmay be considered, which would be strongly
time-dependent (Fig. 1d). A ﬁnal option is the generation of shear bands
(Fig. 1e). In reality, amixed scenario ismost probable, e.g., where congru-
ent densiﬁcation is followed by structural rearrangements and shear
(suggested in, e.g., vitreous B2O3 and borate glasses [36,37]).
Generally, in a uniaxial tensile creep test, the creep stressσ is related
to a steady-state creep rate ε˙ through a simple power-law of the form
[24–26]:
ε˙¼ K  σn ¼ K  σ1=m ð1ÞFig. 1. Schematic paths of structural rearrangement in reaction to a penetrating volume. (a) S
(c) increasing coordination number; (d) viscous ﬂow and pile-up; (e) deformation through sh, where the pre-exponential factor K is a material-dependent parameter
and the exponents n and m are the stress exponent and the strain-rate
sensitivity, respectively.
From Eq. (1), it can be seen that the strain-rate sensitivity of a mate-
rial describes the non-linear dependence of the deformation rate on the
applied stress, similar to, e.g., a deviation from Newtonian ﬂow of a liq-
uid. It must be clearly understood for the following argument that it is
not a measure of the material's softness or plasticity.
Earlier investigations performed by Tabor [38] had shown that the
mean contact pressure under an indenter tip, deﬁned as the hardness
of thematerial, can be transformed into a ﬂow stress σr at a representa-
tive strain εr by using the constraint factor c:
H ¼ c  σr εrð Þ ð2Þ
For metals and alloys with a negligible amount of elastic deforma-
tion, it is c ~ 3, whereas for brittle materials, where the deformation is
primary elastic, c is smaller, c b 3, depending on the elastic properties
of the system [27,38–40].
With the further assumption of a steady-state creep regime below
the indenter tip, the indentation strain-rate ε˙i in an impression creep
test can be derived from the time-derivate of the indentation depth
dh/dt divided by the actual displacement h according to [24]:
ε˙i ¼
1
h
 
dh
dt
¼ h˙
h
ð3Þ
and by combining Eqs. (1)–(3) the strain-rate sensitivity of thehardness
is deﬁned as:
n ¼ lnε˙i
lnH
¼ 1
m
ð4Þ
In the above equation, a value of m = 0 describes a rigid-perfectly
plastic material andm= 1 stands for a linear viscous solid, respectively
[41,42].impliﬁed case of a simple cubic lattice; (b) congruent densiﬁcation in the indenter zone;
ear band formation.
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good agreement between the impression creep tests and the uniaxial
tensile tests [23,28,29,43,44], the former method is not suitable to in-
vestigate the rate-dependent plastic deformation of brittle glasses as it
occurs in a conventional indentation test. It is well known that most in-
organic glass-forming materials behave like a Newtonian ﬂuid at tem-
peratures above the glass transition and at moderate deformation rate
[45–49]. For a Newtonian ﬂuid, the stresses are proportional to the ap-
plied strain-rates, with the viscosity being the proportionality constant
[49–52]. Based on this relation the viscosity was determined by an in-
dentation creep test for a variety of glass systems at temperatures
around their glass transition range [51–59]. However, the application
of sufﬁciently high stresses or strain-rates can lead to a change from
the linear Newtonian viscous ﬂow to an inhomogeneous or non-
Newtonian viscous ﬂow with a reduction (or increase) of the apparent
shear viscosity [46–50,60]. It is assumed that a similar mechanism is
responsible for the rate dependence of plastic deformation of glasses
during an indentation test [22,31,55,58].
To overcome this problem, an indentation test with constant strain-
rate can be appliedwhere the strain-rateε˙(expressed as the loading-rate
divided by the actual loadP˙=P) is kept constant over the whole indenta-
tiondepth,with the consequence that for a homogenousmaterialwith a
depth-independent hardness, a steady-state stress regime is formed
below the indenter tip after a certain displacement is reached [18,23,
26]. By this means, the rate-dependent plastic deformation of a speci-
men can be investigated at high stress and high strain-rate [24,25]. In
addition, the inﬂuence of thermal drift is considerably smaller com-
pared to an impression creep test. Creep exponents which have been
determined for metals in this way were found to be in good accordance
with the uniaxial tensile test results [23,61,62].
In the present study, we investigate the strain-rate sensitivity of
glasses over a broad range of compositions, including covalent, metallic,
ionic and superionic glasses. As a ﬁrst objective, the strain-rate depen-
dence of the hardness is determined by a modiﬁed constant strain-
rate nanoindentation test procedure with strain-rate jumps. Secondly,
we correlate the results with thermo-physical and structural properties,
such as the atomic packing density, the network dimensionality and the
average single bond strength, in order to obtain a mechanistic view at
the rate dependence of the surface deformation processes in glasses.
3. Experimental
3.1. Sample preparation
Most glasses onwhichwe report in this studywere prepared by con-
ventional melt-quenching techniques, except for Suprasil (Heraeus)
and Corning 7980 (Corning) fused silica, respectively, which were
received from the manufacturers. Compositions together with some
selected physical and mechanical properties are listed in Table 1.
Detailed information on the preparation of the M2O–B2O3–SiO2 (M =
Li, Na) and Na2O–CaO–SiO2 [34], ZnO–M2O–SO3–P2O5 (M= Li, Na, Rb,
Ag) [63], MO–B2O3 (M = Sr, Mn, Eu) [64], AgO–P2O5–AgI [65] and
MO–P2O5 (M= Ca, Mg, Sr) [66] glass series is reported elsewhere.
The densities ρ were measured by the Archimedes method in dis-
tilled water and dry ethanol, respectively. Glass transition temperatures
Tg were determined by differential scanning calorimetry (DSC).
3.2. Nanoindentation
The mechanical properties were investigated through instrumented
indentation testing with a nanoindenter (G200, Agilent Inc.), equipped
with a three-sided Berkovich diamond tip and operating in the continu-
ous stiffness measurement (CSM) mode. In this setup, the continuously
increasing load–displacement signal is superimposed by weak oscilla-
tion of the indenter tip (Δh = 2 nm, f = 45 Hz). This enables parallel
determination of hardness H and elastic modulus E as a function ofdisplacement into the surface by continuously recording the indenta-
tion depth h, load P and contact stiffness S. The value of S corresponds
to the initial slope of the unloading load–displacement curve dP/dh.
The results from the nanoindentation experiments were analyzed
using themethod presented by Oliver and Pharr [12]whereH is derived
from the load divided by the projected contact area of the indenter tip
Ac:
H ¼ P
Ac
ð5Þ
The elasticmodulus is obtained from the reduced elasticmodulus Er:
E ¼ 1−v2
  1
Er
−1−vi
2
Ei
" #−1
ð6Þ
, with:
Er ¼
S
2β
ﬃﬃﬃﬃﬃ
π
Ac
r
ð7Þ
Here, Ei, νi and ν represent the elastic modulus and the Poisson ratio
of the diamond indenter tip (Ei= 1141GPa, νi = 0.07), and the Poisson
ratio of the sample. The parameter β in the above equation represents a
correction factor [75] that was set to unity for the Berkovich tip used in
this study.
Poisson ratios of the borate glasses were determined by Brillouin
scattering at the Institut Lumière Materière at the University of Lyon 1,
Lyon, France. Values for commercial Suprasil (Heraeus Quarzglas
GmbH & Co KG) and Corning 7980 (Corning Inc.) fused silica, respec-
tively, were taken from the corresponding product datasheets and
data of silver metaphosphate-silver iodide glasses can be found in the
literature [67,68]. The Poisson ratios of the soda-lime silicate, alkali bo-
rosilicate, alkaline earthmetaphosphate and sulfophosphate glass series
were obtained by measuring the longitudinal vL and transversal sound
wave velocities vT with an Echometer 1077 (Karl Deutsch GmbH & Co.
KG):
v ¼ vL
2−2vT2
2 vL
2−vT2
  ð8Þ
For a geometrically self-similar indenter like the three-sided
Berkovich tip, the contact area is related to the contact depth hc
through a simple polynomial function of the form:
Ac ¼ c0hc2 þ c1hc þ c2hc1=2 þ c3hc1=4 þ…þ c8hc1=128 ð9Þ
Here, the ﬁrst term c0hc2 = 24.5hc2 represents the area function of a
perfect Berkovich tip. The remaining terms account for deviations
from this ideal tip geometry [10,12,76]. The contact depth hc used in
Eq. (8) can be calculated from the load, displacement and the contact
stiffness recorded by the CSM module:
hc ¼ h−0:75
P
S
ð10Þ
Nanoindentation experiments were performed on co-planar, op-
tically polished specimens. Prior to the measurements, the samples
were stored in a desiccator and cleaned with ethanol. On each glass
sample, 15 indents to a depth of 2 μm were generated at a constant
strain-rate of 0.05 s−1 and with a 50 μm distance between each in-
dent to avoid the inﬂuence of residual stress ﬁelds [10]. Values of H
and E were recorded as a function of the indentation depth and
were averaged between the upper 10% and the lower 20% of each in-
dentation proﬁle. All measurements were carried out in laboratory
air under ambient conditions (T = 299 ± 1 K, rH = 28 ± 1%).
Table 1
Physical and mechanical properties of the glasses investigated.
Glass composition Density Glass transition Reduced
temperature
Atomic packing
density
Poisson ratio Elastic modulus Hardness Strain-rate sensitivity Average single bond strength
(mol%) ρ (g/cm3) ± 0.2% Tg (K) ± 2 K T/Tg Cg v E (GPa) H (GPa) m BM-O (kJ/mol)
SiO2a 2.20 1315 0.23 0.457 0.180 71.8 ± 0.2 9.28 ± 0.050.0100 443.7
SiO2b 2.20 1393 0.21 0.447 0.170 71.6 ± 0.3 9.17 ± 0.120.0068 443.7
16Na2O–10CaO–74SiO2 2.48 803 0.37 0.490 0.221 76.0 ± 0.4 6.67 ± 0.040.0164 359.7
16Na2O–10CaO–74SiO2
+ 500 ppm H2O
2.48 833 0.36 0.494 0.225 76.8 ± 0.3 6.84 ± 0.040.0125 363.3
16Na2O–10CaO–74SiO2
+ 1000 ppm H2O
2.48 833 0.36 0.494 0.212 77.4 ± 0.3 6.87 ± 0.050.0126 363.4
16Na2O–10CaO–74SiO2
+ 2000 ppm H2O
2.48 833 0.36 0.494 0.223 76.6 ± 0.2 6.81 ± 0.070.0146 363.5
12.5Na2O–62.5B2O3–25.0SiO2 2.18 688 0.44 0.539 0.268 41.6 ± 0.2 3.96 ± 0.030.0259 418.4
3.0Na2O–48.5B2O3–48.5SiO2 2.04 653 0.46 0.487 0.257 32.1 ± 0.2 3.68 ± 0.040.0270 455.5
15.0Na2O–42.5B2O3–42.5SiO2 2.31 763 0.39 0.543 0.238 57.1 ± 0.2 5.33 ± 0.030.0279 414.8
6.5Na2O–33.5B2O3–60.0SiO2 2.15 718 0.42 0.493 0.237 44.4 ± 0.1 4.98 ± 0.030.0240 456.6
10Na2O–16B2O3–74SiO2 2.45 823 0.36 0.534 0.204 81.4 ± 0.3 7.26 ± 0.040.0211 417.9
4.3Na2O–20.7B2O3–74.0SiO2–1.0Al2O3 2.18 0.481 0.210 50.6 ± 0.2 5.89 ± 0.040.0209 434.6
5.4Li2O–1.3Al2O3–11.8B2O3–81.5SiO2 2.14 762 0.39 0.459 0.201 56.7 ± 0.3 6.96 ± 0.7 0.0149 433.9
10Na2O–16B2O3–74SiO2 2.45 823 0.36 0.534 0.206 84.4 ± 0.3 7.97 ± 0.050.0223 417.9
42.20ZnO–19.79Li2O–19.11SO3–18.90P2O5 3.14 576 0.52 0.522 0.317 63.7 ± 0.6 4.29 ± 0.070.0227 268.6
42.20ZnO–19.79Na2O–19.11SO3–18.90P2O5 3.19 579 0.52 0.522 0.303 49.1 ± 0.2 3.43 ± 0.020.0204 255.4
42.20ZnO–19.79Rb2O–19.11SO3–18.90P2O5 3.38 621 0.48 0.507 0.294 39.5 ± 0.3 3.02 ± 0.040.0281 257.9
42.20ZnO–19.79Ag2O–19.11SO3–18.90P2O5 4.38 558 0.54 0.519 0.369 48.4 ± 0.4 3.59 ± 0.040.0229 257.0
30EuO–70B2O3 3.92 911 0.33 0.637 0.286 ± 0.0005 103.7 ± 0.5 8.27 ± 0.050.0161 –
30MnO–70B2O3 2.79 857 0.35 0.603 0.291 ± 0.0005 71.8 ± 0.9 6.02 ± 0.160.0241 351.5
30SrO–70B2O3 2.80 895 0.33 0.566 0.281 ± 0.0005 82.5 ± 1.3 6.96 ± 0.170.0164 364.0
15EuO–15MnO–70B2O3 3.30 898 0.33 0.609 0.282 ± 0.0005 88.5 ± 0.7 7.42 ± 0.050.0206 –
15EuO–15SrO–70B2O3 3.21 894 0.33 0.579 0.280 ± 0.0005 82.0 ± 0.4 6.92 ± 0.040.0184 –
15MnO–15SrO–70B2O3 2.76 864 0.34 0.576 0.288 ± 0.0005 74.9 ± 0.2 6.34 ± 0.030.0160 331.0
10EuO–10MnO–10SrO–70B2O3 3.07 866 0.34 0.584 0.286 ± 0.0005 80.9 ± 0.3 6.88 ± 0.020.0156 –
50CaO–50P2O5 2.65 809 0.37 0.539 0.273 58.6 ± 0.2 4.58 ± 0.030.0223 308.1
12.5MgO–37.5CaO–50.0P2O5 2.63 808 0.37 0.537 0.265 62.1 ± 0.2 4.90 ± 0.020.0208 317.9
25MgO–25CaO–50P2O5 2.60 811 0.37 0.538 0.256 65.0 ± 0.2 5.25 ± 0.030.0196 327.8
(continued on next page)
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Table 1 (continued)
Glass composition Density Glass transition Reduced
temperature
Atomic packing
density
Poisson ratio Elastic modulus Hardness Strain-rate sensitivity Average single bond strength
(mol%) ρ (g/cm3) ± 0.2% Tg (K) ± 2 K T/Tg Cg v E (GPa) H (GPa) m BM-O (kJ/mol)
37.5MgO–12.5CaO–50.0P2O5 2.53 818 0.36 0.521 0.254 63.0 ± 0.2 4.99 ± 0.030.0210 337.6
50MgO–50P2O5 2.44 837 0.36 0.505 0.240 55.3 ± 0.2 4.12 ± 0.020.0264 347.4
12.5SrO–37.5 Mg–50.0P2O5 2.66 819 0.36 0.520 0.255 62.5 ± 0.1 5.24 ± 0.020.0195 337.5
25SrO–25MgO–50P2O5 2.86 803 0.37 0.531 0.263 64.2 ± 0.2 5.48 ± 0.030.0225 327.6
37.5SrO–12.5MgO–50.0P2O5 2.95 809 0.37 0.523 0.273 61.0 ± 0.2 5.06 ± 0.040.0201 317.7
50SrO–50P2O5 3.18 791 0.38 0.541 0.284 55.4 ± 0.2 4.62 ± 0.020.0256 307.8
12.5CaO–37.5SrO–50.0P2O5 3.04 800 0.37 0.538 0.273 56.8 ± 0.2 4.71 ± 0.040.0224 307.9
25CaO–25SrO–50P2O5 2.92 797 0.37 0.540 0.277 58.1 ± 0.2 4.79 ± 0.030.0243 308.0
37.5CaO–12.5SrO–50.0P2O5 2.75 799 0.37 0.532 0.280 59.5 ± 0.2 4.86 ± 0.030.0201 308.0
16.7CaO–16.7MgO–16.7SrO–50.0P2O5 2.80 535 0.37 0.554 0.265 65.0 ± 0.3 5.39 ± 0.030.0220 321.1
25.0CaO–12.5MgO–12.5SrO–50.0P2O5 2.76 544 0.37 0.505 0.265 63.3 ± 0.3 5.21 ± 0.050.0219 317.9
12.5CaO–25.0MgO–12.5SrO–50.0P2O5 2.90 523 0.38 0.518 0.270 63.6 ± 0.3 5.25 ± 0.040.0223 327.7
12.5CaO–12.5MgO–25.0SrO–50.0P2O5 2.87 530 0.38 0.518 0.262 66.0 ± 0.3 5.52 ± 0.050.0232 317.8
Se [22] 4.28 314 0.93 0.852 0.322 10.3 0.36c 0.0909 184.2
50Ag2O–50P2O5 4.60 435 0.69 0.520 0.376 [67,68] 24.3 ± 0.1 1.26 ± 0.010.0537 277.3
45Ag2O–45P2O5–10AgI 4.85 417 0.71 0.556 0.380 [67] 23.6 ± 0.2 1.27 ± 0.020.0439 –
40Ag2O–40P2O5–20AgI 5.02 403 0.74 0.586 0.381 [67] 22.6 ± 0.1 1.21 ± 0.010.0408 –
35Ag2O–35P2O5–30AgI 5.10 387 0.77 0.699 0.384 [67] 20.7 ± 0.1 1.08 ± 0.010.0367 –
30Ag2O–30P2O5–40AgI 5.26 366 0.82 0.624 0.389 [67] 18.6 ± 0.1 0.92 ± 0.010.0300 –
25Ag2O–25P2O5–50AgI 5.53 350 0.85 0.663 0.397 [67] 16.2 ± 1.1 0.73 ± 0.080.0214 –
5Ge–95Se [22] 4.31 341 0.86 0.819 0.316 11.1 0.52c 0.0625 –
10Ge–90Se [22] 4.34 365 0.80 0.788 0.307 12.1 0.71c 0.0526 –
15Ge–85Se [22] 4.36 383 0.77 0.750 0.295 13.8 0.97c 0.0556 –
20Ge–80Se [22] 4.37 435 0.67 0.711 0.286 14.7 1.28c 0.0278 202.9
30Ge–70Se [22] 4.32 573 0.51 0.623 0.264 17.9 1.88c 0.0161 215.5
40Ge–60Se [22] 4.36 613 0.48 0.547 0.273 22.4 2.18c 0.0172 –
Ce60Al15Cu10Ni15 [69] – 400 0.74 – 0.323 [70] 43.7 2.34 0.0160 –
Ce68Al10Cu20Nb2 [69] – 359 0.83 – 0.328 [71] 37.1 1.69 0.0280 –
Mg61Cu28Gd11 [72] – 419 0.71 – 0.313d 71.6 2.94 0.0360 –
Mg57.95Cu26.60Gd10.45Sb0.05 [72] – 422 0.70 – 0.313d 78.6 3.13 0.0220 –
Pd40Ni40P20 [73] – 576 0.51 – 0.410 102.0 6.58 0.0067 –
Pt57.5Cu14.7Ni5.3P22.5 [73] – 508 0.58 – 0.390 95,0 5.08 0.0089 –
Cu60Hf25Ti15 [73] – 740 0.40 – 0.380 124.0 7.13 0.0110 –
Zr55Cu25Ni10Al10 [73] – 630 0.47 – 0.330 81.0 6.01 0.0130 –
Ni53Nb20Ti10Zr8Co6Cu3 [73] – 846 0.35 – 0.330 140.0 10.28 0.0120 –
Zr44Cu44Al6Ag6 [73] – 718 0.41 – 0.320 100.0 6.27 0.0210 –
a Corning 7980 (Corning Inc.).
b Suprasil (Heraeus Quarglas GmbH & Co KG).
c Vickers hardness HV.
d Poisson ratios have been chosen referring to similar compositions found in the literature [74].
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The strain-rate sensitivity was studied in a strain-rate jump test
as exemplarily shown in Fig. 2 for fused silica, using the same
nanoindenter as described above. The employed method was origi-
nally introduced by Lucas and Oliver [23] on high-purity metallic in-
dium. Here, we used a three-sided Berkovich diamond tip which
penetrates the sample with an initial strain-rate of 0.05 s−1 down
to 500 nm until a depth-independent hardness value is achieved
[61]. With further penetration, the strain-rate is changed every
250 nm, and the hardness is determined by continuously recording
the indentation depth, load and contact stiffness with the CSM
equipment (Δh = 5 nm, f = 45 Hz). At the end of each down-
jump interval, the strain-rate was switched back to the starting
value of 0.05 s−1 which reﬂects in a re-increase of the hardness
back to its initial value after a short transition period [23,61].
Based on the assumption of a strain-rate independent elastic modu-
lus, the hardness from the strain-rate jump tests was calculated
subsequently by combining Eqs. (5) and (7) [25,77]:
H ¼ P
Ac
¼ P  4β
2
π
 Er
2
S2
ð11Þ
On every sample, 10 strain-rate jump tests with strain-rates
of ε˙= 0.05; 0.007 and 0.001 s−1 were performed and the corre-
sponding hardness values were averaged over the last 100 nm
of each interval. It has to be noted that the nanoindenter used in this
study is a load-controlled instrument. Therefore, the indentation strain-
rates ε˙i used in Eq. (4) to determine the strain-rate sensitivity have to
be calculated from the applied strain-rates by differentiating andmodify-
ing Eq. (5) to [23]:
ε˙i ¼
h˙
h
¼ 1
2
P˙
P
−H˙
H
 
¼ 1
2
P˙
P
ð12Þ
4. Results and discussion
In numerous studies on the indentation response of glasses, an in-
creasing hardness with decreasing loading duration was noticed [31,
58,78–85]. Although the majority of these studies had put their focus
on the strain-rate dependence of the hardness, a generally accepted ex-
planation for the origin of this effect is still missing.10-4
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Fig. 2. Exemplary nanoindentation strain-rate jump test of fused silica (Corning 7980).
(a) Applied strain-rates; (b) calculated hardness–displacement curve.4.1. Strain-rate sensitivity and reduced glass transition temperature
In earlier impression creep studies performed by Shang et al. [85]
and Sakai et al. [56,57], a strong temperature-dependence in the
strain-rate sensitivity of the mechanical properties of glasses has been
revealed. For this reason, the inﬂuence of the temperature on the
time-dependent deformation of the glasses investigated in this study
was characterized at ﬁrst, plotting their strain-rate sensitivity values
against the reduced temperature T/Tg [86,87] (Fig. 3). Literature values
from indentation creep studies on Ge–Se chalcogenide glasses [22]
and various bulkmetallic glasses [69,72,73]were added for comparison.
The smallest strain-rate sensitivity was determined for fused silica
(m = 0.0068–0.0100). This result is in good agreement with previous
studies [15,16,78,88], where it has already been demonstrated that
fused silica does not creep signiﬁcantly at room temperature, almost
regardless of the applied strain-rate. As the reduced temperature
increases, an increase in the strain-rate sensitivity can be observed
with only the series of superionic AgPO3–AgI glasses falling out of this
trend. Here, the progressive substitution of AgPO3 by AgI, which is ac-
companied by a decrease in the glass transition temperature [89,90]
also results in a continuously decreasing strain-rate sensitivity. The lat-
ter is an interesting observation which can, however, be readily under-
stood on the basis of the structure of these materials [91], as will be
discussed later. The highest value of m was obtained for amorphous
Se (m= 0.0909) [22]. Clearly, glasses become softer when approaching
their glass transition temperature, i.e., with increasing T/Tg. As already
noted, however, this does not necessarily result in an increase in
strain-rate sensitivity. For the considered compositions, we observe an
increase in m only for such glasses in whose corresponding liquids we
also expect non-Newtonian ﬂow, most prominently in vitreous Se
with its structure of –Se –Se– chains [45,55]. The silver metaphosphate,
on the other hand, similarly exhibits a chain-like structure of predomi-
nantly phosphate Q2 groups, accounting for its higher value of m at
~0.7 T/Tg. The introduction of silver iodide, however, disturbs the struc-
tural predominance of phosphate chains, potentially favoring the for-
mation of phosphate rings which are separated through the iodine
groups [90]. While this decreases Tg, it also decreases the strain-rate
sensitivity (even at ~0.9 T/Tg). It remains to be explored how the crea-
tion of structural anisotropy through directional ﬂow at high load
would conﬁrm this argument. As another example, we may consider
the alkaline earth metaphosphates: while they as well are dominated
by Q2 structural units with the alkaline earth (or alkali) ion more or
less determining the adhesion force between the phosphate chains0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
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Fig. 3. Correlation between strain-rate sensitivity and reduced temperature.
130 R. Limbach et al. / Journal of Non-Crystalline Solids 404 (2014) 124–134[92], their strain-rate sensitivity is not notably elevated just because at
the present observation temperature of ~0.4 T/Tg, we are not expecting
signiﬁcant viscous ﬂow in the deformation process. Again, it remains to
be explored how the value of m would change when the observation
temperature approaches Tg.
An increasing creep rate with increasing temperature was report-
ed by Sakai et al. [56,57] for fused silica, a soda-lime ﬂoat glass and
four other silicate glasses. Also Shang et al. [85] investigated the
temperature-inﬂuence on the creep rate of a soda-lime ﬂoat glass,
but in contrast to the present study and the results obtained by
Sakai et al., slightly higher creep rates were noticed at room temper-
ature in comparison to the values that were determined close to the
glass transition temperature. This unexpected result was attributed
to the presence of adsorbed water in the room temperature indenta-
tion creep tests.
Structural water is known to enhance the indentation creep rate of
glasses [58,82,93–95]. In two earlier studies, Han and Tomozawa [94]
and Keulen [95] investigated the inﬂuence of the water-content on
the indentation creep behavior of a sodium trisilicate and a soda-lime
ﬂoat glass, respectively. A considerable increase in the strain-rate sensi-
tivity with increasing water content was found in both studies. In the
present study, we make similar observations. In the series of soda-
lime silicate glasses with varying water content, an increasing strain-
rate sensitivity with increasing water content from m = 0.0125 for a
glass containing 500 ppm H2O up to m = 0.0146 for the same glass,
but with 2000 ppm H2O, was determined. The origin of this effect is
thought to be the result of an increasing amount of non-bridging oxygen
atoms inside the glass structure with the progressive water incorpora-
tion, which is accompanied by a decrease in the viscosity and therefore
a signiﬁcant reduction in the resistance against viscous ﬂow [93–96].
With respect to these results the rate-dependent plastic deformation
of glasses in an indentation testwas assumed to be determined by inho-
mogeneous or non-Newtonian viscous ﬂow [58,94,95]. In this case the
increasing strain-rate sensitivity can be treated as the onset of a gradual
transition from a rigid-perfectly plastic material with m= 0 to a linear
viscous solid with m= 1 [41,42].
Additional support for this assumption has been given by several
high-temperature indentation studies, where a gradual decrease in
hardness with increasing temperature was observed [56,85–87,97–
101]. Interestingly, in some of these studies a pronounced change in
the hardness was noticed at temperatures exceeding T/Tg ≥ 0.7, which
was supposed to be the consequence of the increased contribution of
viscous ﬂow on the plastic deformation when approaching the glass
transition [85–87,96].
Although various studies have attributed the time-dependent
indentation-induced plastic deformation of glasses to the activation of
non-Newtonian viscous ﬂow, information on the ﬂowmechanism itself
are rather sparse. Nonetheless, results from high-temperature indenta-
tion studies on the plastic deformation [58,85] and crack initiation [87,
97–100] in glasses have indicated that the variations in the indentation
creep rateswith increasing temperature can be correlated to a change in
the deformation mechanism.
4.2. Strain-rate sensitivity and atomic packing density
Glasses have phenomenologically been distinguished according to
their indentation response under a sharp indenter into anomalous
glasses (which deform primarily through densiﬁcation of the free vol-
ume) and normal glasses (which deform through localized shear
ﬂow) [7,102–104]. Indenting a normal glass with a Vickers indenter at
sufﬁciently high load leads to the appearance of median cracks during
loading. and radial cracks during unloading, with the latter emanating
from the corners of the residual imprint. In contrast to this, a typical
crack pattern of anomalous glasses consist of ring cracks that form dur-
ing loading and grow into cone cracks with further penetration of the
indenter tip into the sample [103–106].Michel et al. [100] characterized the crack initiation in fused silica at
temperatures between room temperature and 673 K. In their study, the
appearance of cone and radial cracks was noticed at room temperature
but only radial cracks appeared at 673K. Kurkjian et al. [98] investigated
the crackmorphologies of fused silica and of a soda-lime silicate glass at
room temperature and at 77 K. At room temperature, the soda-lime sil-
icate glass exhibited the typical normal indentation behavior with the
formation of four radial cracks at the corners of the residual imprint.
On the contrary, when indenting the same sample at 77 K, no radial
cracks were visible. The inﬂuence of the temperature on the plastic de-
formation of a soda-lime silicate glass was also characterized by Shang
et al. [58,85]. In their studies, a signiﬁcantly higher contribution of
shear ﬂow to plastic deformation was noticed as the temperature in-
creases. Considering these observations, it has been assumed that the
variation in the indentation creep rate with increasing temperature is
governed by the transition from a glass which mainly densiﬁes under
load towards more and more shear-mediated plastic deformation [56,
58,85,98].
Indentation experiments [102,107], compression studies [108,109]
and theoretical calculations [110] have shown that the capability of a
glass to densify under external pressure depends on the amount of
free volume inside the glass network. Based on the above, an increase
in the atomic packing density (a decrease in the molar free volume)
can therefore lead to a higher indentation creep rate. To now evaluate
potential implications of this argument for the rate dependence of hard-
ness, the atomic packing densities of all glasses investigated in this
study were calculated and correlated with the corresponding values of
strain-rate sensitivity.
The atomic packing density Cg is deﬁned as the theoretical molar
volume of the atoms divided by the effective molar volume of the
glass [111]:
Cg ¼ ρ
X
f iViX
f iM
ð12Þ
In the above equation Vi=4/3πΝ(xrA3+ yrB3) is themolar volume of
an oxide AxBy with themolar fraction fi, themolarmassMi and the den-
sity ρ and the Avogadro constant N. The ionic radii rA and rB of the cor-
responding cations and anions were taken from Shannon [112]. Since
the atoms in Ge–Se chalcogenides are covalently bound [113–115],
the covalent radii were used in place of the ionic radii of Ge4+ and
Se2− in those glasses.
In Fig. 4 the strain-rate sensitivity is plotted over the atomic packing
density. Consistent with the previous discussion, the smallest value for
m was found for fused silica which is known to densify by as much as
20% under isostatic pressure [116–118]. For the other oxide and chalco-
genide glasses, a rough trend is visible where an increase in the atomic
packing density is accompanied by an increase in the variability of
strain-rate sensitivity: a stronger variation of strain-rate sensitivity
from very low to very high is found with increasing packing density.
This indicates that at moderate or high packing density (Cg N 0.5),
other parameters are dominating the strain-rate dependence of hard-
ness. The highest values of m are found in the Ge-Se chalcogenide
glass system, where plastic deformation proceeds over localized shear
[108,119,120]. More generally, we may speculate that the probability
of ﬁnding a (localized) shear band in a disordered system increases
with increasing packing density, as also the degree of order increases.
This assumption apparently holds even in oxide glasses,where evidence
for shear band formation has been observed under high pressure [36].
Again, an interesting example is provided by the series of superionic
AgPO3–AgI glasses. Here, the increase in the atomic packing density
with increasing AgI concentration is accompanied by a decrease in the
strain-rate sensitivity. As noted before, this observation can readily be
understood on the basis of a structural consideration. AgPO3 consists
of long chains of corner-sharing [PO4]3− tetrahedra. The non-bridging
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tion of weak Ag–O ionic bonds leads to a cross-linking between the
phosphate chains [89,121]. With the incorporation of AgI, the spacing
between these chains increases, enabling the conduction of the Ag+
ions [121,122]. This decreases the rate dependence of deformation,
even though it increases the degree of packing.
It is interesting to note that the largest variations in the strain-rate
sensitivity occur in the Ge–Se chalcogenide glass system. At low germa-
niumconcentrationsGe–Se chalcogenide glasses consist primarily of se-
lenium chains and eight-membered selenium rings. Plastic deformation
is assumed to proceed over the alignment of the selenium chains in
shear planes (as noted before). The resistance against shear is quite
small and originates only from weak inter-chain Van der Waals forces.
However, the progressive addition of germanium creates cross-links be-
tween the selenium chains, leading to an increasing shear resistance
[54,115,119]. Therefore, it appears that the signiﬁcant drop in strain-
rate sensitivity from m = 0.0909 for amorphous selenium down to
m = 0.0172 for Ge40Se60 [22] is not only based on the atomic packing
density, but that also the network dimensionality plays an important
role.
4.3. Strain-rate sensitivity and bond strength
In contrast to Ge–Se chalcogenides, shear deformation in oxide
glasses is partially reconstructive and involves the breaking and forma-
tion of newbonds [103,108,123]. It is assumed that shearﬂow is favored
along the weak ionically bound interfaces in network modiﬁer-rich re-
gions [98,105,123]. The inﬂuence of the average single bond strength
on themechanical properties of oxide glasses has already been observed
by Mackenzie et al. [6,124,125] To validate the magnitude of this effect
on the strain-rate sensitivity, the average single bond strength BM–Owas
calculated by summing-up the single bond strengths of the individual
constituents weighted by their molar fraction fi [125]:
BM−O ¼
X
f i 
Ed
NA−B
; ð13Þ
According to Sun [126] the single bond strength can be derived from
the dissociation energy Ed of a simple oxide AxBy into the gaseous atoms
divided by the oxygen coordination number of the cation NA–B in the
corresponding glass. The dissociation energies for a variety of oxides
can be found in the literature [127].
In Fig. 5, we plot the strain-rate sensitivity against the average single
bond strength of the considered glasses. The values for amorphous Se,Ge20Se80 and Ge30Se70 were added for comparison. For the latter, the
single bond strengths of BGe–Ge = 157 kJ/mol, BGe–Se = 215 kJ/mol
and BSe–Se= 184 kJ/mol were taken fromNguyen et al. [128]. Consider-
ing Fig. 5, the average single bond strength seems to have little or no ef-
fect on the strain-rate sensitivity of oxide glasses. This reﬂects in the
similar strain-rate sensitivities of all glasses over a very large difference
in average single bond strength, ranging from sulfophosphates and al-
kaline earth metaphosphates to alkali borosilicate glasses. Although on
a low absolute level, marked variations in the strain-rate sensitivity
were also found for glasses with average single bond strengths of the
same magnitude, such as fused silica of varying quality and some alkali
borosilicates. On the other hand, in the Ge–Se glass system, plastic
deformation does not involve the breakage of bonds [129]. In fact, as
already noted, the mechanical properties of this system are governed
by the degree of inter-chain cross-linking.
4.4. Strain-rate sensitivity and Poisson ratio
Earlier calculations done by Makishima and Mackenzie [124] had
shown that the Poisson ratio correlates-well with the atomic packing
density. This correlation has later been conﬁrmed through experimental
data for a variety of glass systems [111]. Meanwhile, the Poisson ratio is
often used as an indicator for the mechanism which underlies the
permanent deformation of a glass. It was found that the amount of
densiﬁed volume in an indentation hardness test can be estimated
by annealing the indented sample for 2 h at a reduced temperature of
T/Tg = 0.9 [7,9,130,131]. With this method a pronounced contribution
of localized shear ﬂow on plastic deformation could be veriﬁed for
glasses with high Poisson ratios [131,132]. Apart from this, Rouxel
[111] also reported a relation between the Poisson ratio and the net-
work dimensionality of a glass, where a high network connectivity is
accompanied by a low Poisson ratio. On the other hand, a low degree
of cross-linking leads to high Poisson ratios.
Following these arguments, the strain-rate sensitivity is plotted
against the Poisson ratio in Fig. 6. We observe an increase in the
variability of the strain-rate sensitivity with increasing Poisson
ratio up to ν ~ 0.33. For higher Poisson ratios, this variability decreases
again. That is, for the observed range of compositions, glasses with a
Poisson ratio in the ~0.3–0.4 range exhibit a wide range of the degree
of loading-rate dependence of local deformation. This is a surprising ob-
servation on the ﬁrst glance, but may be explained through a consider-
ation of the structural properties which govern plastic deformation:
with decreasing dimensionality of the network, we may – up to a cer-
tain degree – expect an increasing contribution from shear-mediated
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hardness. However, at low Poisson ratio (high network dimensionality
and low packing density), we assume that the limiting factor in defor-
mation would primarily be the network connectivity or bond strength:
once an activation barrier is overcome, deformation is only weakly
loading-rate-dependent. This is regardless of the height of the activa-
tion barrier. In analogy, at high Poisson ratio (low network dimension-
ality and high packing density), once a shear plane is found by the
system, deformation proceeds virtually loading-rate independent.
Only in the intermediate region where neither bond strength nor pack-
ing density alone limits plastic deformation, the speciﬁc structural (and
chemical) arrangement of the system plays a major role in the strain-
rate sensitivity. That is, for intermediate network dimensionality, a
very large variation of strain-rate sensitivity with Poisson ratio can be
obtained through varying the structural complexity of the system. In
this sense, we would speculate that the highest strain-rate sensitivity
would occur for a pure chain structure with very weak inter-chain
bonding.
With this result not only the large variations in the time-dependent
deformation of the Ge–Se chalcogenide glasses can be explained. Also
the increased strain-rate sensitivity of silicate glasses at highwater con-
centrations whichwas observed in this study (as well as in previous in-
vestigations [94,95]), is assumed to originate from the reduced network
connectivity. These ﬁndings give additional support to the hypothesis
that the rate-dependent plastic deformation of at least oxide and chal-
cogenide glasses proceeds over localized shear. The series of superionic
AgPO3–AgI glasses again conﬁrms this trend. Here, the incorporation of
AgI (already found to decrease the strain-rate sensitivity), leads to an
increase in the Poisson ratio [67,68]. The origin of this behavior is still
unclear to us, but may be related to the occurrence of fast deformation
which is mediated by the highly mobile inter-chain Ag+ species. Such
fast deformation would lead to an apparent decrease in the strain-rate
sensitivity.5. Conclusions
In summary, we investigated the loading-rate dependence of plastic
deformation in inorganic glasses over a wide range of packing densities
and average single bond strengths. We have shown that the strain-rate
jump test, performed through instrumented nanoindentation, is asuitable method to determine the local strain-rate sensitivity of disor-
dered materials within a single experiment. Through relating the
strain-rate sensitivity to various structural properties of the glass, we
arrive at the following conclusions:
• Clearly, the strain-rate sensitivity is not related to softness or plasticity
of a material, but it is determined by the multitude of structural
parameters which present a kinetic barrier to plastic deformation.
• While glasses become softer when approaching their glass transition
temperature, this does not necessarily result in increasing strain-rate
sensitivity. That is, high values of m at T/Tg ≥ 0.7 where observed
only in such glasseswhere inhomogeneous or non-Newtonianviscous
ﬂow is expected also in the corresponding liquid. Vice versa, such
glasses do not necessarily exhibit high m at low T/Tg.
• Strain-rate sensitivity does not strongly correlate with packing
density or bond strength. However, a larger variability of strain-
rate sensitivity is obtained only at intermediate values of both pa-
rameters. This indicates that such cases, other parameters such as
chemical composition and speciﬁc structural arrangement are
dominating the strain-rate dependence of hardness. On the other
side, for high bond strength and connectivity or for high packing
density, the strain-rate sensitivity of the considered glasses is
always low.
• The latter is in line with the dependence of strain-rate sensitivity
on Poisson ratio, where we observe a strong increase in the vari-
ability of the strain-rate sensitivity at ν ~ 0.33. For higher or
lower Poisson ratios, the value of m is always low (within the con-
sidered range of compositions). That is, for the observed range of
compositions, glasses with a Poisson ratio of ~0.3–0.4 exhibit a
wide range of the degree of loading-rate dependence of local de-
formation. At lower or higher Poisson ratio, we assume that the
limiting factor in deformation is primarily network connectivity
and bond strength or packing density, respectively: once an activa-
tion barrier is overcome, deformation is only weakly loading-rate-
dependent. This is regardless of the height of the activation barrier.
• Small strain-rate sensitivities were found for glasses with a highly
cross-linked network and a large amount of molar free volume,
whereas high strain-rate sensitivities were found for glasses with
intermediate network connectivity and a high atomic packing den-
sity. Considering these results, the loading-rate-dependent plastic
deformation of glasses with higher Tg relative to the observation
temperature is supposed to be the result of localized shear ﬂow.
The increase of the strain-rate sensitivity with increasing atomic
packing density and decreasing network dimensionality, respec-
tively, can therefore be attributed to a transition from an anoma-
lous glass, that mainly deforms through compaction of the free
volume, to a normal glass, where the plastic deformation proceeds
over shear ﬂow along the weak ionically bonded interfaces in the net-
work modiﬁer-rich regions. Nonetheless, it has to be noted that this
general conclusion is not applicable to all glass systems, as also the
network topology plays an important role. One example for such a
deviation is given through the series of silver metaphosphate-silver
iodide glasses, which comprise a marked chain structure with adjust-
able inter-chain distance. Here, hardness, strain-rate sensitivity, pack-
ing density and Poisson ratio can be tuned adversely through the
incorporation of intermediate network constraints.
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